Nuclear magnetic resonance (NMR) methods al Iow a wide variety of noninvasive measurements to be made on living animals and humans. The most extensively developed application of such methods is magnetic resonance imaging (MRI) of the brain and other organs, which has already come to the attention of most biomedical scholars, many physi cians, and even much of the lay public because of its widespread use in neurological research and medical diagnosis.
MRI is based on the NMR signal from water pro tons, which is by far the strongest signal that can be obtained from biological tissue. NMR signals from protons and other magnetic nuclei in small mole cules other than water make possible a large and growing range of noninvasive measurements of or gan chemistry by magnetic resonance spectroscopy (MRS).
Throughout the decade and a half during which MRI has been used with living subjects, it has been regarded primarily as a way of making unprecedent edly detailed pictures of anatomy, while MRS which is newer-has usually been thought of as a related, novel way of studying organ chemistry in special-purpose instruments.
In fact, MRI and MRS are based on the same physics and can be done in the same machine. Their separate appellations and the corresponding acro nyms merely distinguish measurements based on the uniquely large water signal from all of the others made possible by modern in vivo NMR technology.
Several groups have demonstrated the feasibility of MRS studies of the brain, including biochemical changes due to brain activation, using 1.5-Tesla MRI machines designed for clinical imaging. Recent developments in MRI research have shown that the water signal can be used to monitor cerebrovascular changes associated with brain function on the phys iological time scale. Because the water signal is so strong, and because NMR techniques are noninva sive, this capability is a powerful new tool for study of brain activation.
The combination of advanced MRS and MRI techniques in machines that are already widely available will allow quite novel approaches to im portant problems in neurobiological disciplines from cognitive neuroscience to clinical neurology. The potential of the methods to improve under standing in these areas is hard to overestimate.
In this review, we describe the nature and history of several NMR methods that have been used for functional activation of the brain, discuss some re sults obtained with them, and express opinions about the course that future developments may take.
General reviews of brain MRI (Atlas, 1991; Stark and Bradley, 1992) and MRS (Bottomley, 1989; Pri chard, 1992) provide access to the wider related lit erature.
BRAIN ACTIVATION STUDIES BY MRS (SMALL SIGNALS FROM

SEVERAL COMPOUNDS)
Epilepsy
The earliest NMR studies of brain activation were observations of 31p spectra during status epi lepticus in rabbits, made in the course of develop ment and validation of in vivo MRS methods (Pri chard et aI., 1983) . The work showed that seizure related biochemical changes already well established by conventional neurochemical meth ods could be detected reliably in the living brain: Phosphocreatine and intracellular pH fell, and inor ganic phosphate rose.
Later MRS studies of experimental status epilep ticus using IH as well as 31p methods extended the knowledge of the condition. Brain lactate and intra cellular pH became dissociated under some condi tions, with lactate elevation being much more per sistent (Petroff et aI., 1986) . Observation of the 2 3Na spectrum detected a decline in the N a signal attrib uted to seizure-induced movement of Na from the extracellular to the intracellular compartment, where its NMR visibility is reduced by the different magnetic microenvironment (Schnall et aI. , 1988) .
Lactate in activated brain
While the above results in status epilepticus were predictable, less intense activation of rabbit brain by brief cortical electroshock was also found to cause lactate elevation, which was unexpectedly prolonged (Prichard et al. , 1987) . This could have been due to either tissue damage or an increase in glycolysis unaccompanied by a commensurate in crease in respiration. Experiments using a com bined lHlBC MRS method adapted for in vivo use (Rothman et aI., 1985) showed that the latter was the case: The shock-elevated lactate was nearly all turning over; < 10% of it could have been trapped in a nonmetabolizing compartment . The finding indicates that the brief, intense increase in energy demand caused by cortical elec troshock was met principally by glycolysis. In this case, the stimulus was an abnormal one. We con sider next results that suggest that some physiolog ical stimuli also activate glycolysis preferentially in human visual cortex.
In 1988, workers using positron emission tomog raphy (PET) reported that 2-to 20-Hz light flashes caused 3�50% increases in blood flow and glucose uptake in human primary visual cortex, while oxy gen extraction increased no more than 5% (Fox et aI., 1988) . The results suggested that lactate may have risen as a normal response to brain activation in the physiological range. This interpretation ex cited skepticism in the neurochemical community, where the view was common that glycolysis and respiration are normally matched to an extent that prevents sustained changes in lactate concentra tion. According to this view, such changes should occur only when the matching is disturbed by lim ited oxygen availability or some other abnormal condition.
After the requisite sensitivity and localizing ca pability had been developed, IH MRS experiments showed that the same visual stimulation used by the PET workers did indeed cause �60% increases in lactate concentration in human primary visual cor tex, which returned to the resting level at a rate J Cereb Blood Flow Metab, Vol. 14, No.3, 1994 consistent with diffusion of lactate into the blood stream ( Fig. 1 ) (Prichard et aI., 1991) . This result has been confirmed by two other groups (Jenkins et al. , 1992; Sappey-Marinier et aI., 1992) .
The question naturally arises whether this phe nomenon is observable elsewhere in the brain. MRS evidence of stimulus-dependent lactate elevation in human primary auditory cortex has been published (Singh, 1992) . However, other data recommend caution in generalizing these results. For example, preliminary data from a PET study (Marrett et al. , 1992) show that oxygen uptake can increase as much as 30% with visual stimulus parameters that were different from those used in the studies above and were designed specifically to activate cy tochrome oxidase-dense regions within the visual cortex. These data suggest that considerable het erogeneity of brain glycolytic and respiratory sys tems may exist and that utilization of oxygen may vary with region and even with task.
These complementary results obtained by PET and MRS-different methods subject to different kinds of error-are a strong indication that cerebral glycolysis and respiration do in fact respond differ ently to increased energy demand caused by some kinds of normal brain activation. Among other things, the separate bodies of research leading to this conclusion are a good example of productive synergism between two powerful noninvasive tech niques able to bring measurement of different vari ables to bear on the same problem. Taken together, they outline a testable idea that has support from other sources as well: In brain as in muscle, glyco lytic and respiratory biochemical machinery may be present in different proportions in different cells, according to cell function. Histochemical evidence of a heterogeneous distribution of certain glycolytic and respiratory enzymes across brain regions is available (Borowsky and Collins, 1989) .
If further work continues to show that the bal ance between cerebral glycolysis and respiration during stimulus-elicited increases in energy demand can vary with the nature and properties of the stim ulus, regional lactate measurements by lH MRS will be a powerful tool for precise experimental analysis of the relationship. Two specific hypotheses, test able in part by direct observation of lactate under various conditions of brain activation, illustrate the novel possibilities. First, lactate or lactic acid may have a signaling function in the brain. The sensitiv ity to activation state conferred by these com pounds' central role in energy metabolism would be a useful property of a neuromodulator, and in Tor pedo electroplax, lactate has been shown to inhibit acetylcholine release (Gaudry-Talarmain, 1986) .
Lactate observation by MRS combined with elec trophysiological methods can get at this question in animals. Second, nonoxidative glycolysis may be increased in the diabetic brain. Increased produc tion from glucose of lactate that enters the blood stream rather than the Kreb's cycle, despite normal oxygen availability, appears to occur in the brains of diabetics (Grill et aI. , 1990; Gutniak et aI. , 1990) . Increased lactate concentration at rest and in creases greater than normal under physiological ac tivation are possible consequences that can be as sessed in both human and experimental diabetes by noninvasive IH MRS.
Glucose in activated brain
Signals from protons in the glucose molecule can be detected in the human brain by 1 H MRS. While absolute quantitation is difficult because of overlap ping resonances from other compounds, changes in brain glucose concentration due to changed blood glucose concentration (Gruetter et aI., 1992) and photic stimulation (Merboldt et aI., 1992) can be monitored. Regional measurement of the brain' s principal fuel molecule directly in the living organ can obviously make important contributions to analysis of the biochemical aspects of brain activa tion.
Cerebral metabolic rates by 13 C and 17 0 MRS
The same combination of 13C and 1 H MRS meth ods (Rothman et aI., 1985) used to assess turnover of shock-elevated lactate (above) allows measure ment of glutamate turnover rates in the human brain 
18 0 e 1 6 0 15 (Rothman et aI. , 1992) . By the use of appropriate metabolic models, the Kreb's cycle rate can be es timated from such data (Mason et aI., 1992) . The possibility of measuring brain oxygen consumption by 170 MRS following inhalation of 170 is being explored in animals (Pekar et aI. , 1991; Fiat et aI., 1992) . The influence of I7O-labeled water on T 2 re laxation times can be used to measure CBF in a manner analogous to CBF measurement by PET (Kwong et aI., 1991) . In their fully developed forms, these chemically specific methods will have much to offer analysis of brain activation. Current MRS methods can detect lactate, glu cose, and glutamate signals-including signals that reflect 13C isotopic fraction-with <20% error in volumes of brain as small as a few cubic centimeters and a time resolution of a few minutes; all of these numbers will improve as techniques are refined over the next few years, and they will improve still further at higher magnetic field strengths. Spectro scopic imaging of metabolite distributions in two and eventually three dimensions with similar reso lution in time and space is thought to be feasible. Because they are chemically specific, such mea surements open a window on aspects of brain me tabolism not observable in vivo any other way. Be cause they are noninvasive, they can be repeated as often as necessary within the limits of subject tol erance. Application of these methods to analysis of brain activation by precisely defined stimuli seems certain to advance understanding of how biochem istry has adapted to the brain's functional tasks. The MRS work discussed above was based on signals from brain metabolites present at millimolar concentrations. We turn now to still newer NMR techniques based on the water IH signal, which is 5,000-10,000 times stronger than the metabolite sig nals discussed so far.
MRI has become familiar in much of the world as the premier anatomical imaging method for medical diagnosis. In only its second decade of use, this kind of MRI must already be designated "conven tional" to distinguish it from new ways of using the water signal.
Conventional MRI exploits contrast based on variations in tissue (mostly water) proton density and the T j and T z relaxation processes of water protons to make images that are unprecedented in anatomical detail, contrast resolution, and noninva siveness.
In the early 1990s, MRI methods sensitive to brain function as well as brain anatomy were imple mented in humans. Because the water signal on which they are based is so strong, these remarkably innovative and powerful methods opened the way to the use of clinical NMR machines for study of brain function in real time. The consequences of these methods for scientific and medical neurobiol ogy are immediate and profound.
Fast imaging techniques
Several methods for acquiring two-dimensional slices in seconds or less have been demonstrated (Frahm et aI. , 1992b) . Some of these can be imple mented on ordinary MRI machines, but the fastest one, known as echoplanar imaging (EPI) Stehling et aI., 1991) , requires a hardware addition costing about $500,000 for whole-body systems, or about $75,000 for dedicated head imaging hardware. However, EPI extends the biomedical applicability of in vivo NMR methods so greatly that we expect EPI or one of its fast imaging cousins to become a standard feature of most clin ical and research NMR machines in the mid-1990s.
The reason is speed. Current EPI techniques can acquire a two-dimensional slice in 40 ms with an in-plane anatomical resolution of about 1 mm. This remarkable capability can be exploited to achieve real-time imaging studies of physiological function at frame rates of 20 images/s or to make three dimensional images of the brain in 1-3 s. Perhaps most important of all for general application, EPI is so fast that it confers a high degree of cardiac and respiratory motion insensitivity on the many other kinds of NMR measurements with which it can be J Cereb Blood Flow Metab, Vol. 14, No.3, 1994 combined, opening the way to dynamic studies of the heart, great vessels, joints, and abdominal vis cera.
Contrast-enhanced functional neuroimaging
In the brain, the high-speed capabilities of EPI and other fast imaging methods can be used in sev eral ways. One of the first demonstrations of func tional neuroimaging with MRI was based on dy namic imaging of first-pass kinetics of a paramag netic contrast agent bolus (Villringer et aI., 1988; Belliveau et aI. , 1990) . Although conventional Tjbased contrast-enhanced MRI is ineffective in the presence of an intact blood-brain barrier (due to small intravascular volumes and slow water ex change across capillary membranes), NMR contrast agents, such as the currently approved gadolinium chelates, can exert long-range effects on brain pa renchyma outside the vascular bed, secondary to their effect on local magnetic field. These so-called magnetic susceptibility effects exert their influence predominantly on Tz-or Tz*-weighted images, and since they are not confined to the intravascular space, they can profoundly affect the brain signal on NMR images even with a normal blood-brain barrier (Rosen et aI., 1991) . Recent work has dem onstrated that over a significant range, the changes in NMR signal are directly related to the concentra tion of the contrast bolus within the brain (Fisel et aI. , 1991) ; hence high-speed MRI can be coupled with conventional tracer kinetic analysis of concen tration-time data to provide information on cerebral blood volume (Rosen et aI. , 1991) and, ultimately, CBF (Hamberg et aI., 1993) .
These MRI techniques offer significant advan tages over x-ray and radio nuclide methods. Fore most among these is the ability of susceptibility contrast MRI to provide data on cerebral microvas cular blood volume. By proper selection of the NMR pulse sequence, MRI signal changes can be sensitized to contrast within blood vessels of capil lary diameters (Weisskoff et aI., 1993) . This capa bility is unique among noninvasive imaging meth ods, and it has been used to produce microvascular CBV images of tumor angiogenesis in gliomas (Rosen et ai., 1991) , as well as to study the changes in CBV that accompany neuronal activation (Bel liveau et aI., 1991) . The latter was the first demon stration of the ability of MRI to map patterns of brain activity. This work has been extended to stud ies of additional functional centers in both animals and humans.
Endogenous contrast functional neuroimaging
As significant as the above advances were, the most important development to date in MRI func-tional studies of the brain came from the realization that endogenous forms of contrast could be used to map changes in cerebral hemodynamics without the need for any administration of tracer. Two effects have been studied the most: deoxyhemoglobin based magnetic susceptibility contrast (Thulborn et aI., 1982; Ogawa et aI., 1990) and direct perfusion sensitive T, contrast (Detre et aI., 1992) . The PET measurements of CBF and oxygen consumption discussed previously imply that neuronal activation can cause a fall in venous deoxyhemoglobin con centration as oxygen delivery is increased, without commensurate increases in oxygen consumption. Because deoxyhemoglobin is itself a paramagnetic substance (Pauling and Coryell, 1936) , these changes lead to decreased magnetic susceptibility effects and an increase in MRI signal on T 2 -and T 2 *-weighted images. The technique has been used to detect brain activation by visual stimulation (Fig.  2) , motor tasks, and word generation (Bandettini et aI., 1992; Blamire et aI., 1992; Frahm et aI., 1992a; Kwong et aI., 1992; Ogawa et aI., 1992; Connelly et aI., 1993; Constable et aI., 1993; Kim et aI., 1993a,b; McCarthy et aI., 1993; Turner et aI., 1993) . Most of these studies were done at 1.5-2 Tesla, several on unmodified clinical imaging machines. The studies done at 4 Tesla demonstrate the im provement in the signal-to-noise ratio and anatom ical resolution expected with increased magnetic field strength (Kim et aI., 1993a,b; Turner et aI., 1993) . Changes in CBF also appear to have a direct effect on T ,-weighted images, again leading to an increased signal with these pulse sequences during increased neuronal activity (Kwong et aI., 1992) .
Diffusion-weighted imaging (DWI)
MRI signal intensity can be made sensitive to the molecular self-diffusion of tissue water by the im position of magnetic field gradients during image acquisition. For reasons that are not yet fully un derstood but may involve tissue intra-/ extracellular water balance dependent on membrane ion pump integrity, such measurements are exquisitely sensi tive to brain ischemia, revealing it within minutes of onset, well before it can be detected by conven tional MRI or x-ray methods (Moseley et aI., 1991; Le Bihan et aI., 1992; van Bruggen et aI., 1992) . A clinical study has confirmed that DWI detects hu man stroke as early as 105 min after onset, which for practical purposes is as soon as the measure ment can be made (Warach et aI., 1992) .
DWI has also been shown to be sensitive to status epilepticus in rat brain (Zhong et ai., 1993) . Since CBF is greatly elevated and ATP stores are pre served in this condition, the phenomenon is of con- Increased signal is seen within the primary visual cortex, along with a significant undershoot noted with cessation of the stimulus, (Courtesy of Kenneth Kwong.) siderable interest for mechanisms of DWI change.
Beyond that, it raises the possibility of a role for DWI in brain activation studies and diagnostic in vestigation in patients with medically intractable epilepsy.
Magnetic resonance angiography (MRA)
The motion of blood water can be exploited to image arteries and veins down to < 1 mm in diam eter without an exogeneous contrast agent; much finer resolution can be achieved by the use of gad olinium (Turner and Keller, 1991; Potchen et aI., 1993) . This capability is already widely imple mented for cerebral angiography. Combined with fast imaging techniques to free it from effects of interfering motion, it can be used in other parts of the body as well.
CBF measurement by NMR
Several methods for measuring cerebral perfu sion by NMR have been explored and show prom ise (Ackerman et aI., 1987; Kwong et aI., 1991; De tre et aI., 1992) . Prospects for emergence of satis factory, practical methods in the mid-1990s are quite good.
PREDICTIONS
NMR methods for studying brain function will come into widespread use for scientific investiga tion and medical diagnosis over the next few years. Three factors ensure this.
1. The fundamental versatility of NMR. Functional neuroimaging techniques belong to an array of noninvasive, mutually compatible NMR meth ods capable of measuring a wide range of impor tant variables in a single, properly equipped ma chine. This is a special advantage for functional studies, because it makes coregistration of ana tomical, biochemical, and physiological data fairly simple. 2. A readily available hardware base. Many hun dreds of existing clinical MRI machines can be adapted to perform the measurements described here for a few hundred thousand dollars, primar ily the cost of adding EPI and spectroscopic ca pability. The cost will be less when these fea tures are acquired in newly purchased equip ment. 3. The medical utility of NMR. The medical appli cations of fast NMR imaging techniques provide strong motivation for acquiring the necessary hardware. Because a single machine can mea sure several different medically important vari ables in a single session, NMR diagnosis in its mature form will be more efficient and less costly than the current diagnostic procedures that it will replace. Noninvasive evaluation of vascular disorders of brain, heart, and bowel may constitute the most prominent diagnostic service by which the new NMR techniques will facilitate improvements in public health, but their influence will be felt in many medical areas.
As NMR machines capable of functional brain studies are produced in large numbers, their reli ability and ease of use will increase and their cost will go down. Most scientists and physicians whose work can benefit from NMR techniques should have access to the necessary resources within the next few years.
The daunting challenge of devising experiments that exploit the observational capabilities of NMR fully will soon be the principal concern of most workers. New measurement techniques that enable powerful innovation in research on anatomy, bio chemistry, and physiology all at the same time tax the imagination of the most skilled research plan ners. We close with comments on two areas that we consider particularly important:
Cognitive neuroscience
Nowhere in neurobiology is NMR functional neu roimaging likely to make more difference than in the study of cognitive processes. Workers using PET have shown the way by their adroit investigation of CBP changes associated with cognitive activity. Deoxyhemoglobin, perfusion, and contrast enhanced functional neuroimaging will continue and extend this work, without limitation by radia tion exposure and with a WOO-fold finer time reso lution.
However, the great promise of NMR functional neuroimaging does not imply the end of brain acti vation studies by PET. The unique sensitivity of PET allows it to probe phenomena that otherwise cannot be observed in vivo. For a while, PET and NMR will cohabit in productive cross-calibration, as they continue to be applied to many of the same activation problems, sometimes using the same in dividual sUbjects. Gradually, they will diverge, each concentrating on problems for which it is especially well suited. For PET, that will surely include stud ies of specific ligand binding, which we suspect will eventually illuminate cognitive processes in ways that can only be dreamed of today.
Vascular disease
Strokes and heart attacks together account for a large fraction of any national health care budget. Ischemic bowel disease remains a difficult diagnosis in many patients. NMR methods, including func tional imaging methods, have a great deal of poten tial to make treatment of these conditions more ef fective through earlier, more accurate diagnosis and improved understanding of pathophysiology.
Because diffusion-weighted imaging detects brain ischemia much sooner in its course than any other noninvasive method, it will become the principal laboratory aid to analysis of stroke syndrome. Ren dered motion insensitive by EPI, it is likely to per form similar service in heart and bowel. Many of the more invasive, less definitive diagnostic tests currently in use will become obsolete.
Assessment of cerebrovascular reactive capacity by CO 2 or acetazolamide challenge monitored by MRA and deoxyhemoglobin functional neuroimag ing will allow identification of specific regions of vascular impairment in patients at risk for stroke, without use of catheters, dye, or ionizing radiation. Since they are noninvasive, such tests can be re peated as often as necessary to monitor spontane ous or treatment-induced lesion changes.
Similar assessment of coronary perfusion is pos sible. Exercise tests adapted to performance in the magnet would allow detailed observation of the cor onary arteries and the response of the coronary vas cular bed during mild use-evoked increases in car diac output. Again, the noninvasive nature of the tests would allow them to be repeated as often as indicated.
Whether or not we have correctly anticipated specific major applications of the new functional NMR methods, they will very clearly have a large role in a wide range of biomedical problems in the foreseeable future.
